Purpose To analyse the prevalence of blunt cerebrovascular injuries (BCVIs) in multi-trauma patients by means of a post-contrast acquisition of neck vessels included into the whole-body multi-detector computed tomography (MDCT) protocol performed at admission and to correlate it with the presence of risk factors (Memphis approach). Materials and methods A retrospective study was undertaken for the period January 2005 to November 2011, involving 976 multi-trauma patients. Post-contrast images of neck vessels in MDCT scan were evaluated by two experienced radiologists; carotid, vertebral and basilar arteries were rated according to the Biffl classification. The presence of clinical and/or CT risk factors for BCVI was assessed.
Introduction
Blunt cerebrovascular injuries (BCVIs) are considered relatively uncommon in patients admitted to an emergency department because of blunt trauma, with reported incidences of 0.5-1.5 %, but their incidence increases to about 2.7 % if only patients with an Injury Severity Score (that is the most widely adopted anatomical scoring system for grading the severity of trauma in patients with multiple injuries) greater than 16 are considered [1] [2] [3] [4] [5] [6] [7] .
Clinical presentation of BCVI is similar to spontaneous dissections [8, 9] . Many BCVIs are asymptomatic in their early phases and they can be easily missed at initial evaluation, particularly in severely traumatised patients [1, [10] [11] [12] [13] [14] .
The outcomes of BCVI can be devastating, including debilitating stroke and death, with mortality rates of 8-38 % [3, 7, 9, 15, 16] . Although some conflicting results exist [17] , it is quite well established that an early treatment improves the outcome of patients affected by BCVI, reducing stroke and mortality rates [3, 7, 9, [18] [19] [20] [21] [22] [23] [24] [25] . Therefore, an early diagnosis is fundamental.
Because of its high sensitivity and specificity, four-vessel cervicocerebral digital subtraction angiography (DSA) is considered the "gold standard" for the diagnosis of BCVI [26] ; however, thanks to the recent technical developments, multi-detector computed tomography (MDCT) angiography is nowadays regarded as an acceptable screening method for BCVI [27] [28] [29] [30] [31] . Moreover, the recent works by Sliker [30] and Rademacher [32] demonstrated that a post-contrast acquisition of the neck included into a whole-body MDCT protocol can be considered an acceptable initial means of screening multi-trauma patients for the presence of BCVI.
Many different algorithms have been developed In order to select which blunt-injured patients need to be aggressively investigated for the presence of BCVI; the ones proposed by the groups of Denver [33] and Memphis [20] being the most widely accepted. All these algorithms are substantially based on the presence of clinical/radiological risk factors for BCVI [13] , but they seem to lack in sensitivity, because it has been proven that BCVI can occur even in the absence of clinical-radiological risk factors [4, 6, 7, 34, 35] .
The aim of our study was to analyse the prevalence of BCVIs in a severely injured patient population, represented by patients classified as multi-trauma, by means of a postcontrast acquisition of neck vessels included in the wholebody MDCT examination that these patients routinely undergo at admission to our institution, and to correlate the presence of BCVI to the presence of the risk factors proposed by the Memphis group.
Materials and methods

Patient population
Our retrospective study was approved by the Investigational Review Board of our Institution; informed consent was waived.
In the period January 2005 to November 2011, 1153 patients admitted to the Emergency Department of our Institution have been classified as multi-trauma, according to their clinical situation (two or more injuries, of which at least one life-threatening or Injury Severity Score≥16) and/or to the trauma dynamic (high-speed trauma or fall from an height >3 m), and therefore they have been considered eligible for the performance of a whole-body MDCT according to our "multitrauma protocol". We considered for inclusion into our study the 994/1153 (86.2 %) patients who underwent an MDCT examination within the first 12 h from admission; whereas we excluded the 52/1153 (4.5 %) patients who underwent the MDCT >12 h from admission and the 107/1153 (9.3 %) patients who did not undergo MDCT because of death. Eighteen out of 994 (1.8 %) patients were excluded because of insufficient diagnostic quality of the post-contrast cervical vessels acquisition due to motion artefacts or technical problems. Thus, our study population encompassed 976 patients, 770 men (78.9 %) and 206 women (21.1 %), with a median age of 43 years (range 18-96 years).
Mechanisms of injury were car (331/976, 33.9 %) or motorcycle crash (233/976, 23.9 %), skiing (201/976, 20.6 %) or bicycle accident (64/976, 6.6 %), pedestrian struck (50/976, 5.1 %), fall from a great height (42/976, 4.3 %) and other less common mechanisms (55/976, 5.6 %).
Clinical data at the time of admission were retrieved from our institutional informatics system.
Imaging technique: whole-body MDCT multi-trauma protocol All the CT examinations were performed on a 16-row MDCT scanner (Somatom Sensation 16, Siemens Medical Systems, Erlangen, Germany). The patient was placed supine on the table, with the arms lying down along the body as close as possible to the abdomen in order to reduce beam hardening artefacts.
The first step of our standard whole body MDCT multitrauma protocol is a plain helical acquisition of the head, including the mandible, with the following scanning parameters: 16 × 0.75 mm collimation, 120 kV tube voltage, 320mAs tube current and pitch of 0.55.
After that we administer, through a peripheral venous access of at least 18 G, 120-150 ml iodine-containing contrast medium (Iomeprolo, Iomeron350; Bracco, Milano, Italy) using a power injector (Spectris; Medrad, Pittsburgh, Pennsylvania, USA) at a flow rate of 4.0 ml/s, followed by a saline flush of 50 ml at a flow rate of 4.0 ml/s.
The post-contrast scan is acquired using a bolus tracker placed in the aortic arch, with a threshold trigger of 100 HU and a delay trigger of 9 s and extends cranio-caudally from the skull basis to the femoral lesser trochanters, with a 16×1.5-mm collimation and a pitch of 1.15, using the CARE dose 4D automatic exposure control (Siemens Medical Systems). Moreover a portal venous phase scan of the abdomen is acquired with a fixed delay of 70 s after injection start, extending craniocaudally with a 16×1.5-mm collimation, pitch 0.75 and using CARE dose 4D automatic exposure control modality.
According to the clinical question and to the imaging findings, additional pre-and/or post-contrast acquisitions can be performed.
The obtained axial source images are reformatted as multi-planar reconstructions (MPRs) and maximum intensity projections (MIP) with different kernels and slice thicknesses according to the different anatomical districts; in particular, the axial source images of craniocervical vessels are reformatted as 2-mm MPRs with a reconstruction increment of 1 mm, using a sharp kernel.
Image analysis
Two radiologists (with 22 and 12 years of experience in emergency radiology, respectively), who were unaware of the trauma dynamics and of the clinical conditions of the patient, independently evaluated the post-contrast CT images of cerebrovascular vessels. Discrepancies were solved by consensus. Common carotid arteries, internal carotid arteries, vertebral arteries and basilar artery were evaluated on 2-mm MPR images and each vessel was classified as follows, according to the angiographic classification proposed by Biffl et al. [36] (Figs. 1, 2 , 3, 4 and 5): normal (grade 0), lumen wall irregularity or lumen narrowing <25 % (grade I) (Fig. 1a) ; intraluminal thrombus or lumen narrowing >25 % (grade II) (Fig. 1b-d) ; pseudoaneurysm (grade III) ( Fig. 2a-d) ; complete occlusion (grade IV) ( Fig. 3a-d) ; transection associated to active extravasation of contrast media (grade V) ( Fig. 4a-c) .
A third radiologist (with 3 years of experience in emergency radiology), aware of the trauma dynamics and of the clinical conditions of the patient, searched for the presence of risk factors for BCVI: cervical spine fractures, Le Fort II or III facial fractures, skull base fractures involving the foramen lacerum and CT signs of diffuse axonal injury (considered as the presence of five or more small petechial haemorrhages located at grey-white matter junction and in corpus callosum).
Statistical analysis
The inter-observer variability was assessed by means of kappa statistic for the qualitative image analysis parameters Categorical variables were expressed as absolute frequencies and percentages, continuous variables as medians and ranges (minimum and maximum values).
BCVI prevalence was analysed with respect to patient gender and age, lesion type, lesion grade, risk factor presence and risk factor type. Statistical analysis was carried out using non-parametric tests. Statistical significance was stated using the χ 2 -test, with Yates' correction when appropriate. A p value of less than 0.05 was considered to indicate a significant difference.
Correlation between the number of risk factors present in a patient and the occurrence of BVCI was assessed with the Spearman test with modified standard error ( [35] ), in order to take into account the large differences in sample size between patient groups having 1, 2, 3 or 4 concomitant clinical-radiological risk factors.
Results
We found an excellent inter-observer agreement in the classification of carotid, vertebral and basilar arteries according to the Biffl grading system (K=0.97).
Thirty-two out of the 976 patients included in our study (3.3 %) showed the presence of BCVI at the MDCT examination: 22 out of these 32 patients (68.8 %) presented the involvement of a single vessel, 10/32 (32.2 %) presented the concomitant involvement of two vessels, whereas none of the included patients presented the involvement of three or more vessels. Therefore, a total of 42 cerebrovascular (Fig. 1a) in 10/42 (23.8 %) cases, as grade 2 (Fig. 1b-d ) in 8/42 (19.0 %) cases, as grade 3 ( Fig. 2a-d ) in 6/42 (14.3 %) cases, as grade 4 ( Fig. 3a-d ) in 16/42 (38.1 %) cases and as grade 5 (Fig. 4a-c ) in 2/42 (4.8 %) cases. Data about frequencies of the involved vessels and corresponding lesion grading are reported in Table 1 .
Out of the 976 included patients, 247 (25.3 %) showed the presence of one or more clinical-radiological risk factors for BCVI, according to the Memphis criteria [20] . In particular, 134/976 (13.7 %) patients showed the presence of cervical spine fractures, 93/976 (9.5 %) patients presented a Le Fort II or Le Fort III facial fracture and 25/976 (2.6 %) of them presented skull base fractures involving the foramen lacerum. Moreover, diffuse axonal injury was suspected on the basis of the brain CT findings in 47/976 (4.8 %) patients. Among the 247 patients presenting risk factors for BCVI, 195 (78.9 %) presented a single risk factor, whereas 52 of them (21.1 %) presented the coexistence of two or more risk factors.
Within the group of 247 patients presenting clinicalradiological risk factors for BCVI, 20/247 (8.1 %) patients showed the presence of BCVI at MDCT (a total of 24 injured vessels has been found within this group of 20 patients, since four of them showed the involvement of two vessels each), whereas 227/247 (92.9 %) patients did not definitely show the presence of BCVI at MDCT.
Among the 729 patients without clinical-radiological risk factors for BCVI, 12/729 (1.6 %) patients showed the presence of BCVI at MDCT (a total of 18 injured vessels has been found within this group of 12 patients, since six of The comparison of prevalence of patients affected by BCVI in the group presenting risk factors versus the prevalence of patients affected by BCVI in the group without risk factors demonstrated a significant correlation between blunt cerebrovascular injuries and the presence of clinical-radiological risk factors according to the Memphis criteria (p=0.009, χ 2 -test with Yates' correction); the strength of correlation was p<0.0001 for injuries of the vertebro-basilar axis and p=0.025 for carotid arteries injuries (both χ 2 -test with Yates' correction). Moreover, a statistically significant positive correlation between the number of clinical-radiological risk factors present in each patient and the prevalence of BCVI has been found (p<0.0002, Spearman test with modified standard error [35] ): the higher is the number of risk factors, the higher is the probability of having a cerebrovascular injury (p<0.001) (Fig. 6 ).
Discussion
Our study evaluated over a 7-year period 976 consecutive multi-trauma patients that underwent a whole-body MDCT scan according to our multi-trauma protocol within 12 h from admission to our emergency department.
Our study showed an extremely high inter-observer agreement (K=0.97) in the classification of carotid, vertebral and basilar arteries according to the Biffl grading system; this could be a consequence of the high percentage of negative imaging studies (96.3 %) in our patient population.
BCVIs were present in 3.3 % of our multi-trauma patients. The prevalence of BCVI in our patient population was higher compared with the values reported in the literature, which range from 0.5 % to 2.7 % according to the different patient populations. This discrepancy can be considered a consequence of the particular characteristics of our patient population: indeed, differently from other studies, in our study we included only severely injured patients, classified as multi-trauma at admission to our Emergency Department, instead of all blunt-injured patients, and it is well known that the probability of suffering from BCVI increases with an increase of the Injury Severity Score [1] [2] [3] [4] [5] [6] [7] .
A total of 42 injured vessels has been found in 32 patients, since ten of them presented the concomitant involvement of two vessels each; in nine out of these ten cases the patient showed symmetrical lesions, regarding the same vessel bilaterally, i.e. either bilateral involvement of the carotidal axis or bilateral involvement of the vertebro-basilar axis, whereas only in one out of ten cases carotid and vertebral arteries were Fig. 4 Blunt cerebrovascular transection (grade V lesion according to the Biffl classification). A 24-year-old man who had suffered a motorcycle accident. In the axial MPR image (a) (3-mm thickness) contrast material is clearly recognisable within the left vertebral artery (arrow); moreover, active arterial bleeding causing contrast material extravasation is appreciable next to the left vertebral artery (arrowheads). The same findings are recognisable on the sagittal MPR image (b) (3-mm thickness) where an anterior sliding of C1 (arrowhead) over C2 is also appreciable. The coronal MPR image (c) (3-mm thickness) demonstrates that the aforementioned alterations are due to an odontoid process base fracture (type III fracture according to the Anderson classification) (arrowhead). The patient died shortly after the CT involved at the same time. This fact might be related to the different trauma dynamics involving carotid and vertebrobasilar arteries; indeed, carotid arteries are usually injured as a result of a stretching mechanism due to hyperextension and rotation of the neck, whereas vertebro-basilar arteries, which are strictly surrounded by bony structures, are more commonly directly damaged by bone fractures.
A review of the original MDCT radiological reports of the patients affected by BCVI showed that lesions had been originally missed in 3/32 (9.4 %) patients. The missed injuries where one grade 1 lesion of right vertebral artery, one grade 1 lesion of left internal carotid artery and one grade 2 lesion of left vertebral artery. This result highlights the possible difficulties in diagnosing BCVI, particularly in low grade cases.
Our study confirmed the existence of a significant correlation between the presence of clinical-radiological risk factors as proposed by the Memphis group and the eventuality of suffering from blunt cerebrovascular injury (p=0.009). To be more precise, we found a stronger correlation between the presence of risk factors and vertebro-basilar injuries than between the presence of risk factors and carotid arteries injuries (p<0.001 vs p=0.025); this result might also be related with the abovementioned different trauma dynamics involving carotid and vertebro-basilar arteries, the latter usually being directly injured by bone lesions and, therefore, strongly associated to cervical spine fractures. The risk factors proposed in the Memphis approach, however, do not only represent possible direct vascular injury pathways, like in case of cervical and skull base fractures, but they also may represent an index of the severity of the cranio-cervical trauma, like in case of Le Fort II and III fractures and diffuse axonal injury; this can explain why carotid arteries injuries are also significantly associated with the abovementioned risk factors, although not as strongly as vertebral ones. Moreover, our study showed the existence of a positive correlation between the number of clinical-radiological risk factors and the probability for a patient of having a blunt A 28-year-old man who had suffered a car accident. The sagittal MIP reconstruction (a) (3-mm thickness) shows a progressive tapering of the left internal carotid artery (arrowheads) that becomes occluded before the intracranial portion. Latero-lateral digital subtraction angiography image (b) shows exactly the same finding as MDCT (arrowheads) with no contrast material within the intracranial portion of left internal carotid artery. The patient showed no risk factors for BCVI and was neurologically asymptomatic at the time of MDCT. Antiaggregation was not undertaken because of the presence of severe abdominal injuries and high bleeding risk. The axial DWI MR image (c) (b=1,000) acquired 2 days later, after the onset of right hemiparesis and aphasia, shows a marked signal hyperintensity in the territory of the left mean cerebral artery representing acute infarction cerebrovascular injury: the higher is the number of risk factors that are contemporary present in the same time, the higher is the probability for that patient of having a cerebrovascular injury (p<0.0002) (Fig. 6) . Nevertheless, according to our data 37.5 % of the patients affected by BCVI did not show any of the above-mentioned clinical-radiological risk factors. As a result, a screening examination for the presence of blunt cerebrovascular injuries cannot be exclusively reserved for multi-trauma patients presenting clinical-radiological risk factors for BCVI, because such an approach would miss an early diagnosis in more than one-third of positive cases, denying therefore the possibility of the instauration of a prompt therapy and increasing the probability of catastrophic outcomes. Therefore, according to our experience, all multi-trauma patients should be screened for the presence of BCVI, despite the absence of risk factors. With BCVI being relatively uncommon, showing an incidence of 3.3 %, the selected screening method should be cost effective and not time consuming or invasive; in order to achieve this goal, a post-contrast acquisition of the neck can be easily integrated into the wholebody MDCT protocol performed in haemodynamically stable multi-trauma patients at admission without additional contrast material administration nor an additional dose exposure, because it substitutes the plain acquisition of the cervical spine.
The main limitation of our study is due to its retrospective design. Another weakness is the absence of a comparison of MDCT with the gold standard, which for BCVI is still considered to be DSA. Anyway, the recent literature [30, 32] demonstrated that MDCT can be considered an acceptable initial means of screening for BCVI, without statistically significant differences in accuracy compared with DSA. In our opinion, an invasive, costly and time consuming diagnostic investigation like DSA could be reserved to patients with high clinical suspicion of BCVI and negative MDCT findings.
In conclusion, we strongly suggest to screen all multitrauma patients for the presence of BCVI by including a bolus-timed arterial scan of the neck into the whole-body MDCT protocol performed on haemodynamically stable patients at admission in order to early detect and early treat BCVIs. Fig. 6 Relative frequency of BCVI correlated with the number of risk factors. The x-axis shows the number of risk factors characterising each patient group, whereas the y-axis reports the probability (in percentage) of having a BCVI for each group. The area of the blue circles is correlated with the size of each patient group (729 patients with no risk factors, 195 patients with one risk factor, 41 with two risk factors, 10 with three risk factors, 1 with four risk factors)
